Introduction
The detection of volatile organic compounds (VOCs), such as toluene, benzene, and xylene, is of interest in view of real-time sensing of VOCs, because the monitoring of VOCs is a demanding and an imperative task due to strict regulations exercised with regard to VOC-levels in factories where several operations, such as cleaning, painting etc., induce the emissions of organic vapors containing VOCs. There have been monitoring methods based on gas chromatography and infrared spectroscopy. 1, 2 However, they are not used for real-time measurements due to time-consuming analyses. Semiconductor-type sensors are also applied for VOCs monitoring.
Although they are available for real-time measurements, the sensors still have an issue concerning the reproducibility of response. Furthermore, the sensors contain a potential risk during use under flammable vapors because they are operated with heating devices. A quartz crystal microbalance (QCM) is a promising candidate for a real-time sensor. The QCM measures a mass change by detecting the change in the resonance frequency of a quartz crystal that results from the adsorption of atoms or molecules on the crystal. It can easily detect a time-course change in the frequency by adsorption. In addition, the QCM has an advantage concerning use under flammable vapors due to its being a low-power device. Thus, the QCM has been applied for the real-time sensing of gases, like water vapor and volatile organic vapors. [3] [4] [5] [6] [7] [8] [9] [10] In order to impart chemical selectivity to QCM, it is essential to coat a receptor that can capture specific target molecules on the crystal. There have been possible receptors for the detection of VOCs. One is an organic polymer. It is a suitable material for the receptor because the material has several choices to control the selectivity for target molecules by chemical modifications. However, the chemical structure often causes difficulty in the reproducibility of the frequency response due to irreversible adsorption of the molecules onto the polymer. The other is the use of zeolites as the receptor. Zeolites are microporous crystalline solids that exhibit selectivity toward gases to be sensed by discriminating the gaseous target molecules on the basis of their pore sizes. [11] [12] [13] [14] [15] [16] They also afford reproducibility of the response, because the zeolites cause reversible adsorption and desorption processes on their surfaces. However, they exhibit less adsorptivity toward hydrophobic organic molecules due to their hydrophilic surfaces. In addition, the molecular sieving ability is limited in discriminating larger organic molecules, such as benzene, toluene and xylene. Therefore, the design of novel materials that can act as receptors has been a key requirement for the development of QCM-based gas sensors for the VOCs.
Recently, we synthesized bipheneylene-pillared layered materials by silylating 4,4′-bis(triethoxysilyl)biphenyl into the interlayers of ilerite, which is a crystalline layered silicate. 17, 18 The structure of the synthesized material, which belongs to a new type of organic-inorganic nanocomposites, consists of alternately stacked inorganic nanosheets and organic molecule monolayers. The novelty of these materials lies in an open framework structure in the interlayers where the biphenylene units retain spaces at molecular dimensions between the silicate sheets. The materials are expected to be suitable for use as receptors of aromatic vapors in QCM because the biphenylene units in the interlayers can entrap aromatic molecules. Moreover, because of their platelet-like forms arising from the initial silicate precursor, these materials may be appropriate to be coated on a flat surface of QCM.
In this paper, we report on the fabrication of these organic-inorganic nanocomposite receptors, and evaluating their We have used novel microporous biphenylene-pillared layered silicates as receptors in a quartz crystal microbalance (QCM) for sensing toluene vapors. The silicate was successfully coated on a QCM electrode modified with 2-aminoethanethiol. The resultant electrode showed quantitative frequency responses due to enhanced adhesion between the silicate and the electrode. The silicate-coated electrodes also performed better than polystyrene-coated electrodes in terms of both sensitivity and reproducibility of the responses for toluene vapors exposures because the silicate has an organically-modified open-framework structure with a high surface area. In addition, the electrodes revealed the higher sensitivity for toluene vapors than those for alcohol vapors, suggesting selectivity toward sensing toluene vapors probably due to the π-π stacking interaction between biphenylene units and toluene molecules. Hence, we anticipate that the materials are promising to be used as receptors in QCM devices for sensing aromatic vapors. Original Papers responses toward toluene vapors. The purpose of this work is to investigate the ability as a selective adsorbent for detecting VOCs. Toluene was used as the target vapor because it is one of the VOCs that are emitted in large quantities to the air. 19 To the best of our knowledge, this is the first report that describes the detection of toluene vapors using microporous organic-inorganic nanocomposite-based receptors in QCMs. First, we attempted to coat these nanocomposites on QCM electrodes for fabricating the receptors. Then, the performances of the receptors were determined by measuring their response behaviors toward vapors with concentrations of several hundred ppm. In addition, the performances were compared with those of a polystyrene receptor. Polystyrene is an organic polymer that shows adsorptivity for VOCs. Because it has phenyl groups on its polymer chain, the polymer has similar surface properties to that of the nanocomposites. Such a comparison would help us to discuss the structural features of the nanocomposites in order to evaluate the possibility of exploiting these materials in practical gas-sensing applications.
Experimental
Reagents and chemicals 2-Aminoethanethiol, ethanol, methanol, and acetone (Wako Chemical Industries, Tokyo, Japan) were used as-purchased without further purification. Toluene vapors diluted with N2 were supplied (at an initial concentration of 483 ppm) from a gas cylinder (Taiyo Nippon Sanso Corp., Tokyo, Japan). The QCM with gold electrodes (AT-cut, 9 MHz, 7.9 × 7.9 mm 2 ) was purchased from Seiko EG&G Co., Ltd., Tokyo, Japan.
Synthesis and characterization of BESB-ilerite
4,4′-Bis(triethoxysilyl)biphenyl (BESB) and ilerite were synthesized according to a method reported in the literature. 18 The bipheneylene-pillared layered materials were synthesized by the following protocol. The starting material, ilerite, was protonated and mixed with n-hexane. The mixture was stirred in a solution of BESB and n-hexane for 7 days. After centrifugation, the solid content was re-dispersed in a 1 N solution of hydrochloric acid and ethanol for 5 days. After filtration and washing with ethanol, a white powder was obtained as the final product, which will henceforth be denoted as BESB-ilerite.
Powder X-ray diffraction (XRD) analysis of BESB-ilerite was carried out using an M21X diffractometer (MAC Science Co., Japan) consisting of a curved graphite monochromator with Cu-Kα incident radiation. Nitrogen-adsorption measurements of samples degassed at 423 K at <0.1 Pa for 4 h were carried out at 77 K with Belsorp-Max (Japan BEL Co., Japan). Adsorption isotherms of toluene and water vapors on BESB-ilerite at 298 K were collected with Belsorp-18 (Japan BEL Co., Japan). The sample pretreatment protocols used were identical to that employed in nitrogen adsorption measurement experiments. For a comparison, toluene adsorption measurements were also conducted on two types of zeolites, i.e., silicalite-1 and BEAtype zeolite (HSZ-930NHA, Tosoh Co., Ltd., Tokyo, Japan).
Coating of BESB-ilerites on QCM electrodes
The QCM electrode was immersed in acetone, and subsequently subjected to ultrasonic irradiation. The electrode was then immersed overnight in an aqueous suspension of BESB-ilerite (0.08 mg/dm 3 , 5 g). After immersion, the electrode was air-dried at 313 K. The electrode treated with BESB-ilerite will be denoted as B-ELT. Furthermore, we also attempted to coat BESB-ilerite on a surface-modified QCM electrode. An acetone-washed QCM electrode was immersed for 3 h in a solution of 2-aminoethanethiol and methanol (1.0 × 10 -2 mol/dm 3 , 5 g) contained in a glass tube. The treated electrode was subjected to the same coating procedure used for obtaining B-ELT. The treated electrode after the coating of BESB-ilerite will be denoted as B-AELT. For a comparison, a QCM electrode coated with polystyrene was also prepared. A drop of a solution (0.09 g) of polystyrene and toluene (1.4 mg/mL) was placed on the electrode, which was then air-dried. This polystyrene-coated QCM electrode will be denoted as PS-ELT. Schematic representations of the electrodes are shown in Fig. 1 .
Adsorption and desorption characteristics of the BESB-ilerite coated electrodes
Adsorption and desorption measurements on these electrodes were performed with a frequency counter (QCM934, Seiko EG&G Co., Ltd., Tokyo, Japan). The experimental setup used for the measurements is shown in Fig. 2 . The electrode placed in a sample-container located in a thermostat bath, was dried in a flow of dry nitrogen at 383 K for 2 h. After stabilizing under N2 flow, adsorption measurements were carried out by introducing toluene vapors into the container. The electrodes were exposed to toluene vapors further diluted by a constant flow of N2 at several concentrations ranging from 193 to 483 ppm. The total flow rate of the gas was adjusted to 10 mL/min by mass flow controllers, and the temperature of the gas was maintained at 298 K during measurements using a water cooler and thermostat bath.
To estimate the sensor selectivity, exposure to ethanol and to methanol vapors was also carried out; 10 μL of liquid ethanol or methanol was vaporized with 1 L of N2 gas by employing a gas sampling bag (Tedlar ® , AS ONE Co., Ltd., Tokyo, Japan). The obtained alcohol vapors were further diluted by 1% with N2 gas. The resultant concentrations evaluated by the corresponding gas detector tubes were found to be 600 and 700 ppm for ethanol and methanol vapors, respectively. Then, the gases were manually supplied from a bag to a sample-container placed in the thermostat bath. After each adsorption measurement, desorption measurements were carried out under carrier gas flow in the absence of the vapors.
The uptakes of BESB-ilerite on the electrodes and the amounts of sample gases adsorbed were calculated based on the ), and Δm the mass change (in kg). According to the equation, a frequency change of 1 Hz corresponds to a mass loading of 1.07 × 10 -12 kg. The uptakes of BESB-ilerite on the electrodes were derived from the differences in the frequencies before and after carrying out the coating procedures. The uptakes of BESB-ilerite were calculated as 7.3 and 5.0 μg for B-AELT and B-ELT, respectively. The uptake of polystyrene was also derived from the difference. The uptake was 1.5 μg.
Results and Discussion

Porosity and surface properties of BESB-ilerite
The silicate sheets of BESB-ilerite exhibited a layered structure. The basal spacing was observed at 2θ of 5.50 in the XRD pattern, as shown in Fig. 3 . This corresponded to a d-spacing value of 1.61 nm. The layer thickness of ilerite is 0.74 nm, 18 and hence the resultant interlayer distance was evaluated as 0.87 nm. The interlayer spacing was retained by the BESB molecules which acted as "pillars" between the silicate sheets. BESB-ilerite exhibited a type-I isotherm according to the BDDT classification. 21 The specific surface area was derived by the Brunauer-Emmett-Teller (BET) method. 22 The BET surface area was estimated to be 508 m 2 /g. The pore volume, which was derived from the N2 uptake at a relative pressure (p/p0) of 0.95 on the isotherm, was estimated to be 0.242 cm 3 (liq.)/g. Thus, the pore size obtained by dividing the pore volume by the surface area was estimated to be 0.94 nm. The size corresponds to the micropore at the interlayer spacing between the silicate sheets and BESB molecules. Figure 4(a) shows the toluene adsorption isotherms of BESB-ilerite, silicaltie-1, and BEA-type zeolite. BESB-ilerite showed higher adsorptivity than the zeolites at p/p0 of up to 0.03 which is equivalent to the toluene vapor concentration of 1130 ppm. This indicates that BESB-ilerite is a receptor that is suitable to be operated at low toluene vapor concentrations. The water adsorption isotherm of BESB-ilerite is presented in Fig. 4(b) along with the toluene isotherm. The material showed lower water adsorptivity at p/p0 of up to 0.1. The lower uptakes originate from the biphenylene units that inhibit the adsorptions of water molecules on the surface. The water uptake, however, rapidly increased with increasing p/p0, and the uptakes were higher than those at the p/p0, ranging from 0.1 to 0.95. This would due to water adsorption on the hydrophilic silicate part of BESB-ilerite. The residual silanol groups on the silicate part might promote the water adsorption. This result suggests that a chemical modification of BESB-ilerite is necessary for avoiding the competitive adsorption with water molecules and toluene ones if the BESB-ilerite receptor is operated at high water vapor concentrations.
Effect of surface modification of electrodes on their responses to toluene vapor exposure
The time-dependent frequency changes of the B-ELT and B-AELT electrodes upon exposure to toluene vapors were observed. Figure 5(a) shows the frequency change of the B-ELT electrode (amounting to a frequency shift of -64 Hz) when exposed to toluene vapors at a concentration of 193 ppm. This response was caused by the adsorption of toluene on BESB-ilerite. As the atmosphere was reverted to N2, the frequency increased due to the desorption of toluene from BESB-ilerite. However, the desorption rate was slow, and the frequency showed drifting of the baseline to a value that did not correspond to the frequency observed before exposure. These behaviors suggest that the mass changes on the B-ELT did not completely affect the resonance frequency of the quartz crystal. On the contrary, B-AELT showed a better response than B-ELT, as shown in Fig. 5(b) , which exhibits the frequency changes shown by B-AELT and the bare electrode treated with 2-aminoethanethiol when exposed to toluene vapors at a concentration of 193 ppm. A bare electrode treated with 2-aminoethanethiol showed a response of less than 0.1 Hz after exposure to toluene vapors, indicating that 2-aminoethanethiol molecules did not have any influence on the adsorption and desorption processes. B-AELT showed a larger frequency shift (of -90 Hz) on exposure to toluene. The equilibration time for the concentration was about 1 h. As the atmosphere was reverted to N2, the frequency rapidly increased to the value observed just before exposure. This indicates that the frequency response of B-AELT toward the adsorption and desorption of toluene vapors was reversible. These improved behaviors of B-AELT may have resulted from the surface modification of the electrode. The treatment with 2-aminoethanethiol resulted in the incorporation of amino groups on the electrode surface, [23] [24] [25] which may have interacted with the acidic silanol groups in BESB-ilerite, leading to the stable binding of BESB-ilerite on the modified electrode surface.
SEM analysis of BESB-ilerite and B-AELT surface
An SEM image of BESB-ilerite platelets is shown in Fig. 6(a) . The platelets were square shaped with dimensions of the sides ranging to several μm. It is noteworthy that the shape of the original ilerite was retained in the BESB-ilerite obtained after synthesis. The SEM image of the B-AELT (Fig. 6(b) ) shows the presence of platelets resembling BESB-ilerite on the electrode surface. The image reveals that the particles were well dispersed on the electrode-surface, and that their platelet surfaces were in contact with the electrode surface. The image of B-ELT (Fig. 6(c) ) showed a similar dispersion behavior of the particles on the surface. However, they were partially stacked on the electrode surface, suggesting that several particles were not in contact with the surface. The insufficient contacts might result in unstable responses during exposures to the vapors.
Furthermore, the contacts might bring about a detachment of the BESB-ilerite particles from the surface. It also might result in a decline in the uptakes of BESB-ilerite on the electrode, inducing poor responses. The treatment with 2-aminoethanethiol is expected to suppress the detachment of particles due to improved binding, retaining the stable responses during exposures.
Frequency-response behaviors of B-AELT upon exposure to toluene vapors under various conditions
The behavior of B-AELT toward exposure to toluene vapors of various concentrations was followed. The shifts were evaluated as 90 ± 4, 128 ± 4, and 200 ± 10 Hz for concentrations of 193, 290, and 483 ppm, respectively. The frequency shift plotted as a function of the concentration is shown in Fig. 7(a) . The shift proportionally increased with an increase in the concentration from 193 to 483 ppm, demonstrating a quantitative frequency response in this concentration-regime. From the linearity between the frequency and the concentration, we evaluated the detection limit of B-AELT. The frequency drift of B-AELT under N2 carrier gas was evaluated to be σ = 2 Hz. Assuming that the detection limit is 3σ, the detectable frequency was estimated as 6 Hz. Thus, the detection limit of the concentration was evaluated as 14 ppm from linearity. The limit suggests that B-AELT has a capability for the monitoring of toluene vapors in factories, because a tolerable level of toluene vapors is estimated as being 50 ppm. 26 These frequency shifts were much larger than that exhibited by PS-ELT, as shown in Fig. 7(a) , which can be attributed to the higher adsorptivity of BESB-ilerite than polystyrene. The adsorptivity of BESB-ilerite originates from the organically-modified surface, and from the higher surface area. These properties results in higher toluene uptakes, leading to higher frequency shifts. Furthermore, B-AELT and PS-ELT were exposed to toluene vapors thrice, as shown in Fig. 7(b) . Although PS-ELT showed frequency shifts upon repeated exposures, a decline in the frequency baseline was observed with increasing number of exposures. This was caused by a successive increase in the toluene uptake by dissolution in the polymer matrix. Since toluene molecules were entrapped into the flexible polymer chains, the molecules may not have completely desorbed from the polymer matrix. As a result, it induced a monotonic decrease in the baseline. However, repeated exposures of toluene vapor to B-AELT did not induce a decline in the baseline. This was attributed to the solid surface of BESB-ilerite. Toluene molecules were attached on the pore surface of BESB-ilerite by physical adsorption, not entrapped in the pore walls of BESB-ilerite. As a result, the molecules promptly desorbed from the surface by the competitive adsorption of N2 molecules. In addition to the solid surface, the open-framework structure is likely to contribute to the faster desorption. The effect of the porosity on the sensing ability of the receptors has been reported by Matsuguchi et al. , who have used chemically modified styrene-co-chloromethyl styrene copolymers as sensing receptors for the detection of toluene vapors. 27 According to this report, the incorporation of aliphatic diamines with appropriate chain lengths into the copolymer improved the rate of adsorption and desorption as well as the reversibility of the response of the receptor. It has further been pointed out that the incorporation of diamines caused the formation of microvoids in the polymer matrix, resulting in the promotion of toluene vapor diffusion in the receptor. The open-framework structure of BESB-ilerite also results in the promotion of diffusion due to the microporous channels, which minimize the diffusion paths. Hence, the reversible response of B-AELT may be due to the open framework structure of BESB-ilerite.
We compared the sensitivity of B-AELT upon exposure to toluene with those upon exposure to ethanol and methanol vapors. The sensitivities are summarized in Table 1 . The sensitivity of B-AELT to toluene was 4.7-times higher than that toward ethanol and methanol vapors. This high sensitivity can be associated with a specific toluene adsorptivity that originates from a π-π stacking interaction between toluene molecules and the biphenylene units in the interlayers. The high sensitivity suggests that B-AELT is capable of selectively detecting toluene vapors in the presently employed concentration range.
Consequently, we concluded that BESB-ilerite functioned as the receptor for toluene vapors in the QCM device. Our results showed sufficient sensing abilities of these receptors, such as reversibility, sensitivity, and reproducibility of responses, in addition to apparent gas-selectivity. BESB-ilerite may exhibit the ability to detect other aromatic vapors, such as benzene and xylene vapors, because the biphenylene units into the open framework have high affinity with the aromatic molecules due to the π-π stacking interaction. Thus, the biphenylene-pillared layered silicates are promising candidates to be used as gas-receptors in QCM for the total amount of aromatic VOC vapors. On the other hand, there are the following two issues for practical applications. One is a further improvement of the gas-selectivity. As stated above, the water adsorption isotherm suggested that water vapors induce deterioration of the selectivity due to competitive adsorption on BESB-ilerite. In order to avoid deterioration, it would be effective to modify the surface of BESB-ilerite using organically-modified silane compounds. 28, 29 For example, the silylation of the residual silanol groups in BESB-ilerite with trimethylchlorosilane would enhance the hydrophobicity, resulting in a suppression of the water adsorption.
Furthermore, the organic-inorganic nanocomposites presented here may enable tailoring the affinity with the target gases by introducing various organic-functional moieties as pillaring reagents in the interlayer, allowing for the control of gas-selectivity. 30 The other is an improvement of the response rate. The present receptor spent about 1 h for equilibration after exposure of the toluene vapors. Mintova et al. have reported the equilibration times for the adsorption of cyclohexane vapors using the receptors of nanosized zeolites, being 30 min for the equilibration. 13 Although the BESB-ilerite receptor almost corresponds to those of the zeolite receptors, the equilibration time could be too long to measure the time-course of the VOCs concentrations. In general, the equilibration time of the adsorption depends on the diffusion time of the molecules inside the particles. Therefore, it would be effective to use BESB-ilerite particles having the smaller size for reducing of the equilibration time. The size-control of ilerite particles has been reported. 31, 32 The work would enable us to prepare BESB-ilerite particles with smaller sizes than the present form, resulting in an improvement of the response rate. As results, these improvements would lead to practical applications of the biphenylene-pillared layered silicates as gas-sensing devices.
Conclusions
We have used novel microporous biphenylene-pillared layered silicates, BESB-ilerite, in order to evaluate their ability to function as receptors in a quartz crystal microbalance (QCM) to sense toluene vapors. The coating of BESE-ilerite was attempted both on a bare gold surface of a QCM electrode (B-ELT), and on an electrode modified with 2-aminoethanethiol (B-AELT). A comparison of their responses toward toluene vapor exposures revealed that B-AELT showed better quantitative and reversible responses than B-ELT, resulting from the stronger binding between the BESB-ilerite particles and the amino-modified surface in B-AELT. The behavior of B-AELT was followed by evaluating the sensitivity and reproducibility of the responses. The responses of B-AELT were superior to those shown by PS-ELT, which were attributed to the organically-modified open-framework with a high surface area. We also demonstrated a selectivity for sensing toluene vapors by comparing the frequency responses with those of alcohol vapors. Consequently, our study indicates that BESB-ilerite is a promising candidate as a receptor for detecting aromatic compound vapors, and is anticipated to be applied to gas-sensing devices.
